The hypothalamic arcuate nucleus (ARH) is a brain region critical for regulation of food intake and a primary area for the action of leptin in the CNS. In lean mice, the adipokine leptin inhibits neuropeptide Y (NPY) and agouti-related peptide (AgRP) neuronal activity, resulting in decreased food intake. Here we show that diet-induced obesity in mice is associated with persistent activation of NPY neurons and a failure of leptin to reduce the firing rate or hyperpolarize the resting membrane potential. However, the molecular mechanism whereby diet uncouples leptin's effect on neuronal excitability remains to be fully elucidated. In NPY neurons from lean mice, the Kv channel blocker 4-aminopyridine inhibited leptin-induced changes in input resistance and spike rate. Consistent with this, we found that ARH NPY neurons have a large, leptin-sensitive delayed rectifier K ϩ current and that leptin sensitivity of this current is blunted in neurons from diet-induced obese mice. This current is primarily carried by Kv2-containing channels, as the Kv2 channel inhibitor stromatoxin-1 significantly increased the spontaneous firing rate in NPY neurons from lean mice. In HEK cells, leptin induced a significant hyperpolarizing shift in the voltage dependence of Kv2.1 but had no effect on the function of the closely related channel Kv2.2 when these channels were coexpressed with the long isoform of the leptin receptor LepRb. Our results suggest that dynamic modulation of somatic Kv2.1 channels regulates the intrinsic excitability of NPY neurons to modulate the spontaneous activity and the integration of synaptic input onto these neurons in the ARH.
Introduction
The arcuate nucleus of the hypothalamus (ARH) is critical for regulation of food intake and energy balance. The ARH contains a well described microcircuit consisting of orexigenic neurons coexpressing agouti-related peptide (AgRP) and neuropeptide Y (NPY) and anorexigenic neurons expressing proopiomelanocortin (POMC). AgRP neurons directly inhibit POMC neurons; however, there is no reciprocal synapse from POMC neurons to AgRP/NPY neurons (Pinto et al., 2004; Atasoy et al., 2012) .
AgRP neurons play a critical role in regulating appetite; the activity of these neurons can profoundly alter food intake: direct optogenetic (Aponte et al., 2010; Atasoy et al., 2012) or pharmacogenetic (Krashes et al., 2011) activation of AgRP neurons in vivo rapidly increases food intake. Conversely, inhibition (Krashes et al., 2011) or ablation (Luquet et al., 2005 ) of AgRP neurons dramatically decreases feeding. AgRP/NPY neurons are activated by peripheral signals associated with hunger (e.g., ghrelin; Cowley et al., 2003; Takahashi and Cone, 2005; Yang et al., 2011; Liu et al., 2012) , whereas peripheral satiety signals (e.g., leptin) inhibit their activity (Takahashi and Cone, 2005) . The leptin-dependent inhibition of AgRP/NPY neurons is poorly understood, although it may be attributable in part to modulation of K ϩ channels such as K ATP and BK channels (Spanswick et al., 1997 (Spanswick et al., , 2000 . van den Top et al. (2004) described a K ϩ conductance in ARH NPY neurons sensitive to the voltage-gated K ϩ (Kv) channel blocker 4-aminopyridine (4-AP), suggesting a critical role for Kv channels in regulating the intrinsic activity of ARH NPY neurons (van den Top et al., 2004) .
In obesity, leptin fails to decrease food intake, despite high levels of circulating hormone, because of insensitivity of ARH neurons that regulate energy balance to respond to leptin (Mün-zberg et al., 2004; Enriori et al., 2007) likely involving defective leptin receptor (LepRb) signaling (Myers et al., 2008) . Interestingly, leptin responsiveness can be restored to ARH neurons after weight loss (Enriori et al., 2007) , highlighting the plasticity and resilience of the neural circuits controlling energy balance. Nonetheless, there remains relatively little known regarding the leptindependent modulation of the ion channels that determine excitability in ARH neurons, including AgRP and POMC neurons. To our knowledge, a role for voltage-gated ion channels in mediating feeding behavior has never been reported, despite the essential role these channels play in regulating neuronal activity.
In this study, we investigated the diet-dependent excitability of ARH NPY neurons from lean and diet-induced obese (DIO) mice. We found that both fasting and diet-induced obesity increase action potential (AP) frequency, but leptin modulated NPY neuronal excitability only in lean mice. The Kv channel blocker 4-AP was sufficient to prevent leptindependent inhibition of NPY neurons, suggesting a role for Kv channels in mediating this effect. Consistent with this, we found a large, leptin-sensitive delayed rectifier-type K ϩ current whose leptin sensitivity is disrupted in DIO mice. Our data suggest that Kv2.1 is a likely molecular correlate of this current, representing a novel target for leptin signaling in ARH NPY neurons.
Materials and Methods

Animal care
All animal care and experimental procedures were approved by the Institutional Animal Care and Use Committee at the University of Tennessee Health Science Center. Mice were housed at 22-24°C on a 12 h light/ dark cycle. A total of 94 male and female mice were used in this study. Most of the experiments described here used transgenic hrGFP-NPY mice in which humanized Renilla green fluorescent protein (hrGFP) is expressed behind the NPY promoter (van den Pol et al., 2009) . Quantitative real-time PCR (qPCR) experiments used wild-type C57BL/6J mice (The Jackson Laboratory).
Control, standard diet (SD)-fed mice were fed a standard pelleted mouse chow (Teklad 7912, 17 kcal% fat, 3.1 kcal/g). To generate dietinduced obesity, littermates of the control group were fed a high-fat diet (HFD; D12451, 45 kcal% fat, 4.5 kcal/g, Research Diets) beginning when the mice were weaned (ϳ3 weeks of age). All mice were weighed weekly; mice that did not exhibit weight gain compared with the control group were removed from the study. For both groups, food and water were available ad libitum. For the experiments using fasted mice, food was removed from the cage 14 -16 h before the experiment; water was freely available. In all experiments, slices were prepared between 10:00 and 11:00 A.M. to ensure that all animals were at the same point in their light cycle to control for circadian variation in feeding.
Cell culture
Low-passage-number HEK293 cells were transfected as described previously with cDNAs encoding either GFP-Kv2.1 or GFP-Kv2.2, with or without LepRb (Baver and O'Connell, 2012) . The cells were trypsinized and replated at low density 48 h after transfection to obtain single cells for electrophysiology.
Electrophysiology
Slice preparation. Adult mice (12-16 weeks old) were deeply anesthetized using isoflurane before decapitation and rapid removal of the entire brain. The brain was then immediately submerged in an ice-cold, oxygenated (95% O 2 /5% CO 2 ) cutting solution (in mM: 80 NaCl, 90 sucrose, 3.5 KCl, 4.5 MgSO 4 , 0.5 CaCl 2 , 1.25 NaH 2 PO 4 , 23 NaHCO 3 , and 10 glucose), and the brain was blocked for sectioning. Coronal slices (250 -300 m thick) were cut using a Vibratome (VT1200S, Leica) and incubated in an oxygenated cutting solution at room temperature for at least 1 h before recording.
Slice recording. Slices were transferred to a recording chamber constantly perfused (ϳ2 ml/min) with oxygenated aCSF (in mM: 119 NaCl, 2.5 KCl, 1 MgSO 4 , 2.5 CaCl 2 , 1.25 NaH 2 PO 4 , 23 NaHCO 3 , and 10 glucose). GFP-positive neurons were identified using epifluorescence and standard GFP filters on a fixed-stage Olympus BX-WI microscope equipped with an XM-10IR CCD camera (Olympus). All recordings were performed using a Multiclamp 700B amplifier and Digidata 1440A and controlled using Clampex 10 (Molecular Devices). Data were digitized at 20 kHz and filtered at 5 kHz using the built-in four-pole Bessel filter of the Multiclamp 700B. After the formation of a gigaohm seal, the pipette capacitance was nulled in all experiments.
Recording pipettes were manufactured from filamented thin-wall borosilicate glass (TW150, World Precision Instruments) and had a resistance of 5-7 M⍀ when filled with an intracellular solution (in mM: 140 KCl, 0.3 CaCl 2 , 1 MgCl 2 , 1 EGTA, 3 MgATP, 0.3 NaGTP, and 10 HEPES, pH 7.35 with KOH). QX-314 (5 M) was included in the intracellular solution to block voltage-gated Na ϩ channels. The liquid junction potential (LJP) between the normal aCSF and the intracellular solution was calculated to be ϩ3.5 mV. Because of the relatively small LJP, the command voltage was not corrected. Normal aCSF was supplemented with 100 M picrotoxin, 10 M CNQX, and 20 M D,L-AP-5 to block the GABA A receptor, AMPAR, and NMDAR unless otherwise noted. In some experiments, 1 M TTX was added to the aCSF to block voltagegated Na ϩ channels in the entire slice. Leptin (100 nM) was added to the aCSF and perfused onto the slice for 60 -80 s, after which perfusion with normal aCSF resumed.
For current-clamp recordings of resting membrane potential and spike rate, normal aCSF was used as the extracellular solution, and the intracellular solution was modified to contain 130 K-gluconate and 10 KCl. The LJP between the aCSF and this solution was calculated to be 14.2 mV; membrane potential recordings were corrected for the LJP off-line. In current-clamp experiments measuring the effect of leptin (100 nM) on neuronal rheobase, 20 mM 4-aminopyridine was included with the leptin to block Kv channels. In some experiments, spontaneous APs were recorded in the absence and presence of 300 nM stromatoxin-1 (ScTx-1), a more specific Kv channel blocker. All slice recordings were performed at 32-34°C. Because whole-cell recording necessarily disrupts the neuron's internal milieu, in some experiments, we used cell-attached loose-patch recording (in which the membrane beneath the pipette is not ruptured and the intracellular contents are not disturbed) to measure somatic APs to verify that similar rates were obtained using either technique. In this case, the pipette was filled with regular aCSF (under this configuration, the LJP is 0 mV). Since we observed no difference in spike frequency with either approach within each group, all firing rate data were pooled for statistical analysis. Membrane potential and spontaneous action potential firing was recorded for at least 5 min. Neurons that did not exhibit any spontaneous firing activity within 2 min were not included in the analysis.
In voltage-clamp recordings of whole-cell delayed rectifier K ϩ currents, P/3 on-line leak subtraction was used to compensate for linear leak currents, and series resistance and capacitance compensation were used. Cells with a series resistance of Ͼ20 M⍀ were not included in the analysis. To elicit delayed rectifier K ϩ currents, neurons were held at Ϫ80 mV, depolarized to ϩ80 mV in ϩ10 mV steps using a 200 ms test pulse, and repolarized to Ϫ40 mV to measure tail current deactivation. A 100 ms prepulse to Ϫ30 mV was used to inactivate any residual voltagedependent Na ϩ current, except in protocols designed to look for A-type K ϩ currents. The Nernst potential for K ϩ using the solutions above was calculated to be Ϫ104 mV, and this value was used to convert the ionic currents to conductance ( G) using Ohm's law. To generate steady-state conductance-voltage ( G-V) curves, the normalized conductance was plotted as a function of the test potential and fitted with a standard Boltzmann equation:
where G max is the maximal conductance, V 1/2 is the midpoint potential for activation, and k is a slope factor. HEK cell recording. Delayed rectifier K ϩ currents from HEK cells expressing either GFP-Kv2.1 or GFP-Kv2.2 were measured as described previously (Baver and O'Connell, 2012) . Cells were exposed to 100 nM leptin for 60 s using a fast-step perfusion system (SF-77B Fast-Step Perfusion System, Warner Instruments), and K ϩ currents were recorded every 2 min for at least 10 min. In some experiments, endogenous Srcfamily kinases were pharmacologically inhibited by a 30 min pretreatment with 1 M SrcI1 and 100 nM PP1 (Tocris), after which delayed rectifier currents were measured as described.
Data analysis and statistics
Action potential frequency, waveforms, and the resting membrane potential were measured using Clampfit 10 (Molecular Devices) and MiniAnalysis 6.0 (Synaptosoft). Neither the action potential waveform nor the resting membrane potential can be analyzed from the data from current-clamp experiments using cell-attached recordings of neuronal spiking, so these cells were excluded from those analyses. Group differences were compared using the nonparametric Kruskal-Wallis ANOVA with Dunn's multiple comparisons post hoc test using Prism 6. Steadystate activation curves were generated by plotting the K ϩ conductance as a function of the test potential and fitting the resulting G-V curve with the Boltzmann distribution (described above). The resulting fit parameters for each group were compared using the paired Student's t test (SigmaPlot 11 and GraphPad Prism 6). All data are presented as the mean Ϯ SEM. For all statistical tests, a value of p Ͻ 0.05 was considered significant.
Real-time PCR
The region of the hypothalamus containing the ARH was microdissected from 1-mm-thick coronal brain sections from wild-type C57BL/6J mice and snap frozen in liquid nitrogen. For each experiment, tissues from 10 animals were pooled. The tissues were subsequently homogenized in Trizol reagent (Invitrogen) to isolate total RNA according to the manufacturer's instructions. A total of 1 g of RNA was used to synthesize cDNA using the GoScript Reverse Transcription system from Promega. Real-time PCR for Kcnb1 and Kcnb2 was performed using the Roche Universal Probe Library system. Primers were designed using the Roche Assay Design Center ProbeFinder algorithm for Kcnb1 ( probe 22) and Kcnb2 ( probe 67). The ribosomal protein S19 was used as an internal reference gene; all data reported were normalized to S19 levels.
Immunohistochemistry
Three adult (16 weeks old) male hrGFP-NPY mice from each dietary group (SD:Fed, SD:Fast, and HFD) were anesthetized with isoflurane and decapitated. Brains were removed and fixed at least 24 h in 4% paraformaldehyde at 4°C. Coronal sections (50 m) containing ARH were cut on a vibrating microtome (VT1000S, Leica). Sections were washed (three times for 15 min) in PBS, treated with 1% w/v sodium borohydride for 30 min, washed, and incubated in 5% normal goat serum for 2 h at room temperature. Slices were incubated in rabbit antiKv2.1 polyclonal antibody (1:250, APC-012, Alomone Labs) overnight at 4°C and washed, followed by Alexa Fluor 568 goat anti-rabbit secondary antibody (1:200, catalog #A-11011, Invitrogen) for 8 h at 4°C. Sections were mounted on glass slides with polyvinyl alcohol mounting medium with DABCO antifade (Fluka) for imaging.
Sections were imaged at 1024 ϫ 1024 resolution using a Zeiss 710 confocal microscope, and Z-sections were acquired at 0.69 m optical section thickness. EGFP was excited using a 488 nm laser, and emission was collected using a variable bandpass filter set at 493-569 nm. Alexa Fluor 568 was excited using a 543 nm laser, and emission was collected using a variable bandpass filter set at 568 -712 nm. For each section, the detector gain and offset were optimized to use the full 12-bit linear range, and identical settings were used to image primary-and secondary-only control sections. All images were acquired using ZEN software (Zeiss), and off-line image analysis was performed using the ZEN software and NIH ImageJ.
Results
Diet-induced obesity results in electrical remodeling of ARH NPY/AgRP neurons
It has been demonstrated that the firing rate of NPY/AgRP neurons in the ARH correlates well with feeding behavior. Specifically, NPY neurons fire faster in brain slices from food-deprived mice than in slices from satiated ("fed") animals (Takahashi and Cone, 2005; Yang et al., 2011; Liu et al., 2012) . Furthermore, the adipose tissue-derived hormone leptin decreases the firing rate of NPY neurons (Takahashi and Cone, 2005) . In dietary models of obesity, leptin-dependent signaling in ARH neurons is impaired, despite elevated plasma leptin levels (Enriori et al., 2007; . Diet-induced obesity is associated with a persistent increase in the spike rates of ARH NPY neurons , consistent with a failure of leptin to appropriately decrease the excitability of these neurons. However, the precise mechanism(s) underlying these effects of leptin on NPY firing in both lean and obese mice remains unclear.
To investigate the effect of diet-induced obesity on NPY neuron activity, we fed male hrGFP-NPY mice a HFD comprising 45 kcal% fat beginning at weaning (around 3 weeks of age). Control, age-matched littermates were fed a standard rodent chow diet (SD). Although the mice used in this study express hrGFP behind the NPY promoter to allow visualization of GFPϩ NPY neurons, they were similar to wild type and not prone to obesity when fed a standard rodent chow diet (Fig. 1A , Chow). On the other hand, mice fed the HFD began to exhibit significantly higher body weight after 3 weeks on the diet ( p Ͻ 0.05) and by week 6 were significantly heavier than SD-fed littermates ( p Ͻ 0.001; Fig. 1A , HFD). . All data are presented as mean Ϯ SEM. Statistical significance for the firing rate data was determined using a nonparametric Kruskal-Wallis ANOVA with a post hoc Dunn's multiple comparisons test. A standard parametric ANOVA was used to determine significance of the RMP data. The number of GFP-positive NPY neurons in each group is given in parentheses below each column.
We used the whole-cell current-clamp technique to measure AP firing rates in ARH NPY neurons from acute brain slices containing ARH prepared from lean, SD-fed mice (ad libitum access to food); hungry mice (food deprived for 12-14 h before sectioning); or obese, HFD-fed mice (ad libitum access to HFD). Consistent with previous reports, the action potential frequency ( f AP ) in NPY neurons from SD-fed mice was slower ( Fig. 1 B, C;
We then measured the firing rate of NPY neurons from fed HFD mice and found that these neurons fired faster than control (SD-fed) neurons at 3.4 Ϯ 0.4 s Ϫ1 (n ϭ 25, p Ͻ 0.001; Fig. 1 B, C) but were similar to the f AP measured in NPY neurons from fasted animals. Although these HFD-fed mice had access to a virtually unlimited food supply, chronic consumption of a high-fat diet induced an electrical remodeling in these neurons resulting in firing behavior reminiscent of neurons in the food-deprived (i.e., hungry) SD:Fast mouse. Interestingly, food deprivation of HFD mice did not result in any further significant increase in the firing rate ( f AP ϭ 4.1 Ϯ 0.9 s Ϫ1 , n ϭ 10; Fig. 1C ). Consistent with these diet-related changes in NPY neuron firing rates, we observed a significant depolarization of the resting membrane potential (RMP) between neurons from SD:Fed and SD:Fast animals ( Fig. 1D ; RMP fed ϭ Ϫ59.4 Ϯ 1.7 mV, n ϭ 12; RMP fast ϭ Ϫ50.6 Ϯ 1.4 mV, n ϭ 10; p Ͻ 0.001), thereby replicating prior work (Liu et al., 2012) . We next investigated the impact of chronic consumption of HFD on membrane potential and found that diet-induced obesity is associated with a similar depolarization of the RMP in both fed and fasted obese animals to Ϫ53.4 Ϯ 0.8 mV (n ϭ 20; p Ͻ 0.001) and Ϫ48.6 Ϯ 2.0 (n ϭ 8; p Ͻ 0.001), respectively, compared with SD:Fed controls (Fig. 1D) .
We next examined the AP waveform from all three groups more closely, as changes in the underlying intrinsic electrical properties that profoundly affect AP spike rate would likely be reflected in the AP waveform. Since food deprivation did not affect either the mean firing rate or the RMP in ARH NPY neurons from DIO mice, we analyzed only waveforms from HFD:Fed mice. Figure 2A shows average AP waveforms from SD:Fed (black), SD: Fast (red), and HFD:Fed (green) neurons (each trace represents an average of 15-20 APs per condition normalized to the peak of the AP). It is apparent that the spikes from both the SD:Fast and HFD:Fed neurons repolarize (decay) more rapidly than the APs from SD:Fed neurons, indicating that changes in the intrinsic conductances underlying the AP waveform are likely to accompany the increased RMP.
To quantify these changes, we used the curve-fitting algorithm in Minianalysis 6 to analyze AP waveforms from ϳ100 individual APs from the whole-cell currentclamp records of neurons from each group [SD:Fed, 564 events from six cells (three animals); SD:Fast, 384 events from three cells (two animals); HFD:Fed, 1285 events from 13 cells (four animals)]. Consistent with the change in the firing rate (Fig.  1C ) and the AP waveform ( Fig. 2A) , there was a significant decrease in the area of the AP waveform in both the SD:Fast and HFD:Fed neurons compared with the SD:Fed controls (Fig. 2B ). This was accompanied by a slight, but statistically significant, decrease in the rise time of the AP in both SD:Fast and HFD:Fed mice (Fig. 2C ). Most notably, there was a significant decrease in the decay time (defined as the time required for the AP amplitude to decrease e-fold; Fig. 2D ) and the AP half-width (defined as the AP width at half-maximal spike amplitude; Fig. 2E ).
Leptin inhibits AgRP/NPY neurons and stimulates anorexigenic POMC neurons, thus promoting increased energy expenditure, decreased food intake, and a negative energy balance. Consistent with previous reports (Takahashi and Cone, 2005) , brief application of 100 nM leptin to brain slices from lean, SD: Fast mice resulted in a dramatic decrease in the firing rate (Fig.  3 A, C; aCSF alone, 3.2 Ϯ 0.68 s Ϫ1 ; with leptin, 0.38 Ϯ 0.14 s Ϫ1 ; n ϭ 5) as well as a significant hyperpolarization of the RMP (Fig.  3 A, D; aCSF alone, Ϫ50.5 Ϯ 0.9 mV; with leptin, Ϫ64.2 Ϯ 1.9 mV).
The increased basal firing rate of ARH NPY neurons from DIO mice (Fig. 1B) is consistent with defective leptin signaling, but it is not presently known whether this deficiency in leptin Figure 2 . Action potential repolarization is altered in NPY neurons from food-deprived and DIO mice. A, Mean AP waveforms were generated by averaging 15 individual APs from each group. The resulting waveforms were normalized to the peak amplitude and overlaid using the peak for alignment. B, Mean AP area from the point of threshold crossing to return to baseline (positive area only). C, Mean AP amplitude calculated from threshold to peak. D, Mean time for AP to decay e-fold from peak. E, Mean AP width at 50% repolarization.
responsiveness extends to the intrinsic electrical activity of NPY neurons. We, therefore, directly assessed the leptin responsiveness of ARH NPY neurons in brain slices from mice fed HFD. As shown in Figure 3 , the addition of 100 nM leptin to the bath solution resulted in a significant decrease in the firing rate (Fig.  3 A, C) and hyperpolarization of the RMP (Fig. 3D) . On the other hand, in brain slices from HFD-fed mice, leptin resulted in a moderate, but not statistically significant, decrease in the spontaneous firing rate of DIO NPY neurons (aCSF alone, 3.8 Ϯ 0.51 s Ϫ1 ; with leptin, 2.0 Ϯ 0.26 s Ϫ1 , n ϭ 5; p ϭ 0.063; Fig. 3 B, C) . Notably, this is still approximately twice as fast as the basal spike rate we observed in satiated lean mice (Fig. 1 B, C) . Interestingly, leptin had no effect on the RMP in NPY neurons from DIO mice (aCSF alone, Ϫ54.3 Ϯ 1.6 mV; with leptin, Ϫ52.8 Ϯ 0.5 mV; Fig. 3D ).
NPY neurons in the ARH exhibit a large delayed rectifier K ؉ current that is leptin sensitive Under basal conditions (normal aCSF, Ϫ70 mV V hold ), ARH NPY neurons from all dietary groups have similar, relatively high input resistances (SD:Fed, 945.8 Ϯ 131.6 M⍀; SD:Fast, 927.7 Ϯ 189.5 M⍀; HFD:Fed, 1058 Ϯ 133.3 M⍀; HFD:Fast, 797.2 Ϯ 145.7; n.s., p Ͼ 0.5, ANOVA). Combined with their relatively small size (C m ϭ 17.24 Ϯ 0.9 pF; for all groups, no significant difference based on either diet or age was observed), even a small change in input stimulus would be expected to have a large effect on membrane excitability. Consistent with this hypothesis, ARH NPY neurons from lean, fasted animals have a small rheobase. Even small somatic current injections of Ͻ10 pA markedly increased the firing rate, with larger depolarizing currents eliciting even faster spike rates (Fig. 4, A, D) . In the presence of leptin, a condition under which NPY neurons fire only very slowly, if at all, depolarizing current injection similarly increased the spike rate, but to a lesser extent than under control conditions, and large depolarizing currents elicited only a persistent membrane depolarization, with only one or two spikes at the beginning of the test pulse (Fig. 4, B, D) . These data support a model in which leptin activates a hyperpolarizing conductance that effectively "clamps" the membrane potential near E K , thus increasing the rheobase and decreasing the probability of generating an AP.
Kv channels exert a profound influence on neuronal firing (Spanswick et al., 1997 (Spanswick et al., , 2000 Cerda and Trimmer, 2010; and the AP waveform, both of which we observed here. To determine whether Kv channels contribute significantly to the basal firing rate in ARH NPY neurons, we used the Kv channel blocker 4-AP to block K ϩ flux through Kv channels. Although 4-AP is poorly selective among various Kv channels, it preferentially blocks Kv channels over other nonvoltage-dependent channels, such as K ATP channels and other K ϩ channels (Lesage, 2003; Tamargo, 2004; Hibino et al., 2010) . Thus, any effect produced by the addition of 4-AP is most likely attributable to the involvement of Kv channels. When we measured NPY neuronal rheobase in the presence of leptin and 4-AP, we found that 4-AP was able to completely block the effect of leptin on rheobase and restored NPY neuronal firing to levels comparable with that measured in "no leptin" controls (Fig. 4C,D) . Strong depolarizing stimuli (Ͼ30 pA) tended to decrease the firing rate, most likely because of inhibition of key repolarizing currents in the presence of 4-AP (note the widening of the AP waveform in Fig. 4C ). Of note, 4-AP was also able to block the leptin-induced membrane hyperpolarization typically observed in NPY neurons from lean, fooddeprived mice (Figs. 3D, 4B) , suggesting for the first time that Kv channels also contribute to the leptin-dependent change in membrane potential.
Based on these data, we hypothesized that Kv channels may be a target for LepRb signaling and diet-induced obesity may disrupt this modulation. Therefore, we next investigated the voltagegated K ϩ current (I K ) in identified NPY neurons from chow-and HFD-fed mice. In acute brain slices from chow-fed mice, NPY neurons had a robust outward I K (Fig. 5A) . Although most neurons express multiple Kv channel subunits, their cognate currents can be broadly classified into two main categories based principally on inactivation: (1) rapidly inactivating A-type currents (I A ) and (2) slow-inactivating delayed rectifier currents (I DR ). As seen in Figure 5A , I K in NPY neurons exhibited biophysical properties consistent with a delayed rectifier-type current: it required relatively strong depolarization to activate (V threshold Ϸ Ϫ25 mV); little to no inactivation occurred during a 200 ms test pulse; and it exhibited slow, voltage-dependent deactivation ( deact ϭ 22.4 Ϯ 1.4 ms; see tail currents in Fig. 5 A, B) . Consistent with Roepke et al. (2011), we observed only a small contribution of I A to the total I K in NPY neurons, suggesting that a majority of I K in these cells is likely to be carried by delayed rectifier Kv channel subunits. Unfortunately, there are few pharmacological tools available to dissect voltage-dependent K ϩ currents; however, I A has a greater sensitivity to 4-AP than does I DR . To confirm this in our system, we used a lower concentration of 4-AP (0.5 mM) that preferentially blocks I A over I DR and measured outward K ϩ currents before and after the addition of 4-AP. At this lower concentration, we considered the 4-AP-sensitive current to be a rough measure of the total I A in these neurons. As seen in Figure 5C , Ͻ50% of the total outward K ϩ current in NPY neurons is 4-AP sensitive. Note that much of the residual 4-AP-sensitive current exhibits little to no inactivation, suggesting that it is likely to arise from 4-AP-sensitive delayed rectifier-type channels rather than A-type K ϩ channels. Thus, the bulk of I K in NPY neurons is generated by highvoltage-activated (HVA) delayed rectifier channels.
Consistent with our hypothesis that I K in NPY neurons is generated by a single population of Kv channels with similar biophysical properties (i.e., principally HVA delayed rectifier channels), the current-voltage ( I-V) relationship for I DR in NPY neurons is well described by a single Boltzmann distribution with a membrane potential for half-maximal activation (V 1/2 ) of ϩ9.9 Ϯ 2.6 mV (Fig. 5 D, E) . A multiple-component fit was not statistically better than a single-component fit. In NPY neurons from lean, food-deprived mice, the voltage dependence of I DR was shifted to more depolarized potentials relative to currents from SD:Fed mice (V 1/2 ϭ ϩ15.5 Ϯ 1.7 mV), although this difference was not statistically significant ( p ϭ 0.2; Fig. 5 D, F ) .
Although chronic administration of HFD induced obesity and an approximate threefold increase in the firing rate of NPY neurons ( Fig. 1 B, C) , it had no effect on the steady-state parameters of I K in NPY neurons from DIO mice, which exhibited a maximal conductance and voltage dependence similar to those of NPY neurons from SD-fed mice (SD:Fed, G max ϭ 180 Ϯ 22 nS vs HFD:Fed, G max ϭ 213 Ϯ 14 nS, p ϭ 0.19; Fig. 5 B, G) . There was no apparent change in the relative contributions of I DR and I A to the total K ϩ current, as I DR also appeared to comprise a majority of the outward current in cells from obese mice and the I-V relationship was still well described by a single Boltzmann distribution (Fig. 5 B, G) .
In hippocampal neurons, the modulation of I DR by a variety of stimuli such as glutamate, intracellular Ca 2ϩ , and carbachol is an important mechanism for regulating firing rate (Du et al., 2000; Misonou et al., 2004 Misonou et al., , 2005 Surmeier and Foehring, 2004; Mohapatra et al., , 2009 Baver and O'Connell, 2012) . Despite the diversity in the nature of these stimuli, functional modulation occurs by a common mechanism, via induction of a hyperpolarizing shift in the voltage dependence of I DR , which facilitates ac- . C, The relative contribution of delayed rectifier and A-type currents to the total K ϩ current was ascertained by measurement of voltagedependent K ϩ currents before and after bath application of 5 mM 4-AP, followed by off-line subtraction of the 4-AP-sensitive current from the control currents. D, Mean activation midpoints with and without leptin derived from the G-V curves in E-H. The A-type K ϩ current was measured as the peak current within 10 ms of the onset of depolarization, and the delayed rectifier current was measured as the peak current at the end of the test pulse. Statistical significance within groups was determined by the paired Student's t test, and data are presented as mean Ϯ SEM. The number of GFP-positive NPY neurons in each group is given in parentheses.
tivation of this key current and decreases somatic excitability. Since leptin potently inhibits spiking in NPY neurons ( Fig. 3 ; Takahashi and Cone, 2005) , we investigated whether leptin also modulates I DR in ARH NPY neurons.
As shown in Figure 5 , D and E, leptin induced a significant hyperpolarizing shift in the V 1/2 for I K within 10 min of administration (V 1/2,leptin ϭ Ϫ8.1 Ϯ 3.7 mV, p Ͻ 0.001 compared with control) in NPY neurons from lean, SD-fed mice. This effect of leptin was persistent; we did not observe any reversal of the shift in V 1/2 , even up to 1 h after leptin (data not shown). The duration of the shift is not surprising, as the glutamate-induced shift in I k activation in hippocampal neurons requires nearly 2 h to reverse . Importantly, we did not observe a timedependent shift in the voltage dependence of activation of I DR in control experiments in which only vehicle (PBS) was applied to the slice (data not shown), indicating that this large shift in the voltage dependence of activation of I DR requires leptin. In NPY neurons from lean, food-deprived mice, leptin induced a hyperpolarizing shift of similar magnitude (⌬V 1/2,fed ϭ Ϫ18 mV; ⌬V 1/2,fast ϭ Ϫ20.5 mV). Note that at steady state, I DR in these neurons was depolarized relative to the SD:Fed controls, thus the activation midpoint after adding leptin was somewhat more positive than observed in neurons from the fed mice (V 1/2 ϭ Ϫ5.0 Ϯ 1.7 mV).
One consequence of diet-induced obesity is the development of "leptin resistance" in the ARH. We therefore next determined whether leptin could still modulate I DR in NPY neurons from obese mice. Although HFD had no influence on the steady-state parameters of I DR (Fig. 5B-D) , the addition of 100 nM leptin to ARH slices from obese mice induced only a slight shift in the activation midpoint of I DR that was not statistically significant (V 1/2 ϭ ϩ2.2 Ϯ 1.8 mV, p ϭ 0.07; Fig. 5 D, G) , indicating that diet-induced obesity blunts, but does not completely eliminate, leptin receptor signaling to delayed rectifier Kv channels in NPY neurons.
Although our data suggest that the total I K in ARH NPY neurons is primarily generated by delayed rectifier-type channels, we also investigated whether leptin modulates I A in NPY neurons. To isolate I A , we recorded currents as described for I DR but omitted the prepulse and used the peak current within 10 ms of the beginning of the test pulse instead of at the end of the test pulse. As shown in Figure 5H , 100 nM leptin had no significant effect on the voltage dependence of I A , with the activation midpoint shifting Ϫ5.6 mV from ϩ2.9 Ϯ 2.6 mV to Ϫ2.7 Ϯ 4.2 mV. Since it is not possible to pharmacologically dissect I A and I DR , it is possible that contamination from I DR may account for the observed shift.
Kv2.1 channels contribute to the leptin-sensitive delayed rectifier K
؉ current in NPY neurons The majority of I K in NPY neurons is a delayed rectifier, HVA current (as shown in Fig. 5 ), suggesting that the molecular correlate of this current is likely to be a member(s) of the Kv2 or Kv3 families that produces slowly inactivating K ϩ currents: Kv2.1, Kv2.2, Kv3.1, or Kv3.2 (Kv3.3 and Kv3.4 are A-type channels). Although the currents produced by these four channels have several properties in common, such as slow inactivation and a depolarized voltage dependence of activation, they differ considerably in their deactivation kinetics: Kv2.1 and Kv2.2 deactivate relatively slowly (VanDongen et al., 1990) , whereas Kv3.1 and Kv3.2 display ultra-rapid deactivation (Rudy and McBain, 2001 ). Since the leptin-sensitive I K in NPY neurons deactivates slowly ( deact ϭ 22.4 ms, compared with Ͻ5 ms for Kv3.1 and Kv3.2; Hernández-Pineda et al., 1999), we hypothesized that this current is most likely generated by Kv2.1 or Kv2.2. Unfortunately, the K ϩ currents generated by Kv2.1 and Kv2.2 are virtually indistinguishable , with similar voltage dependences of gating and inactivation as well as nearly identical kinetics for both activation and deactivation. As we and others have previously demonstrated, in HEK293 cells, Kv2.1 is sensitive to many of the same extracellular stimuli the channel is exposed to in the brain Mohapatra and Trimmer, 2006; Baver and O'Connell, 2012) . Kv2.2 has been less well studied, but the channel is robustly expressed in HEK cells ( Fig. 6B ; Baver and O'Connell, 2012) , and preliminary studies from our laboratory indicate that in HEK cells, Kv2.2 is also modulated by glutamate in a manner similar to Kv2.1 when coexpressed with the NMDA receptor (data not shown).
As shown in Figure 6 , A and B, in HEK cells, both Kv2.1 and Kv2.2 generated large voltage-dependent currents qualitatively similar to I DR in NPY neurons (compare with Fig. 5 ). Coexpression of Kv2.1 with LepRb had no effect on the voltage dependence of activation of I Kv2.1 (V 1/2 ϭ ϩ4.0 Ϯ 1.2 mV), but the addition of 100 nM leptin to the bath solution for 60 s induced a significant hyperpolarizing shift in the activation gating of Kv2.1 similar to that observed in NPY neurons (V 1/2 ϭ Ϫ19.7 Ϯ 2.6, p Ͻ 0.001; Fig. 6A ). In control cells expressing only Kv2.1 (no LepRb), leptin had no effect on the voltage dependence of Kv2.1 activation (V 1/2 ϭ ϩ5.3 Ϯ 1.6 mV). In contrast, in HEK cells coexpressing Kv2.2 and LepRb, 100 nM leptin had no significant effect on the V 1/2 of Kv2.2 gating (V 1/2 ϭ Ϫ3.2 Ϯ 3.6; with leptin, Ϫ10.0 Ϯ 2.6; Fig.  6B ). These results suggest that Kv2.1 is the most likely molecular correlate of the leptin-sensitive delayed rectifier current in NPY neurons.
Leptin signaling via LepRb is complex, with multiple signal transduction pathways coupled to the activation of LepRb (Villanueva and Myers, 2008) . The best characterized is JAK2-dependent phosphorylation of STAT3, the pathway that suppresses expression of the orexigenic peptides Npy and Agrp and promotes expression of the anorexigenic peptide POMC in the ARH (Myers et al., 2008 ) However, LepRb is coupled to several other signaling pathways, including phosphoinositide-3-kinase (PI3K), ERK, mTOR, and Src (Jiang et al., 2008; Myers et al., 2008; Heida et al., 2010; Heldsinger et al., 2011) . Of these known signaling pathways coupled to LepRb, we considered Src to be a likely candidate for LepRb modulation of Kv2.1 as it has recently been established that Kv2.1 is phosphorylated by Srcfamily kinases (Tiran et al., 2003; Song et al., 2012) and it has been previously demonstrated that PI3K does not regulate Kv2.1 activity (El-Kholy et al., 2003) .
To investigate the possible role for Src kinase in leptindependent modulation of Kv2.1 activity, we measured voltagedependent K ϩ currents in HEK cells coexpressing Kv2.1 and LepRb that were pretreated with the Src inhibitors SrcI1 (1 M) and PP1 (100 nM) before recording. As shown in Figure 6C , inhibition of Src alone had no significant effect on the voltage dependence of Kv2.1 activation (V 1/2 ϭ ϩ9.1 Ϯ 6.9 mV) but completely blocked the hyperpolarization of Kv2.1 activation by LepRb (with leptin, V 1/2 ϭ ϩ17.6 Ϯ 7.9 mV). The slight depolarization of the activation midpoint after leptin addition was not statistically significant in this dataset but, nevertheless, may suggest that inhibition of Src activity unmasks some other, as yet unknown LepRb-coupled pathway regulating Kv2.1 activity.
Kv2.1 is highly expressed in the ARH and in NPY neurons
Having established that Kv2.1 is the most likely candidate for the molecular correlate of the leptin-sensitive I DR in ARH NPY neurons, we next set out to verify that Kv2.1 is expressed in these neurons. Previous reports have indicated that Kv2.1 is widely expressed throughout the brain (Hwang et al., 1993) , although much less is known about its expression in the hypothalamus, including the ARH. Immunohistochemistry (IHC) performed for Kv2.1 in coronal brain slices from hrGFP-NPY mice indicates that Kv2.1 is highly expressed in the ARH, including in NPY neurons (Fig. 7A) . In both cortical and hippocampal neurons, Kv2.1 exhibits a highly restricted distribution to the soma and proximal dendrite, where the channel assembles into highdensity clusters (Misonou et al., , 2006 O'Connell et al., 2006; Hermanstyne et al., 2010; Baver and O'Connell, 2012) that are recapitulated even in heterologous expression systems such as HEK cells (O'Connell and Tamkun, 2005; Aponte et al., 2010; O'Connell et al., 2010; Baver and O'Connell, 2012) . In ARH neurons (including those expressing NPY), Kv2.1 appears to be primarily localized on the soma, with minimal channel expression on the neuritis; however, unlike in cortical neurons (Fig. 7G-I ) , in the ARH, Kv2.1 does not appear to form the characteristic large clusters typical of this channel. It is instead more evenly distributed over the somatic membrane with smaller clusters than observed in cortical pyramidal neurons (Fig. 7D-F ) .
Although there are Kv2.2 antibodies commercially available, we were unable to obtain a signal over background when immunostaining for Kv2.2, even after using antigen-retrieval methods (data not shown). It has been reported that, unlike Kv2.1, Kv2.2 expression is more restricted in the mammalian brain (Hermanstyne et al., 2010) , raising the possibility that either Kv2.2 is not expressed or not present at high enough levels to be detectable using IHC in the ARH. Nevertheless, to verify this result, we used qPCR of microdissected ARH tissues to probe for mRNA for Kcnb1 and Kcnb2 (the genes for Kv2.1 and Kv2.2, respectively). As shown in Figure 7J , the qPCR signal for Kcnb1 was relatively high, consistent with the IHC results indicating robust expression of Kv2.1 in the ARH. In contrast, the signal for Kcnb2 was barely detectable over the reference gene (S19), consistent with our IHC data suggesting Kv2.2 expression in ARH is low.
Tarantula toxin Stromatoxin-1 significantly increases the basal firing rate of ARH NPY neurons from lean, satiated mice According to our hypothesis, activation of Kv2.1 by satiety signals such as leptin decreases the basal firing rate of ARH NPY (and thus decreases appetite) by increasing the K ϩ conductance, opposing depolarization. Therefore, inhibition of Kv2.1 would be predicted to increase the spontaneous firing rate. Although specific blockers of Kv2.1 do not currently exist, there are several spider toxins that have a higher affinity for Kv2-and Kv4-containing channels, with little effect on other K ϩ channels (Escoubas et al., 2002; Shiau et al., 2003) . Stromatoxin-1 (ScTx-1) is a high-affinity (nM) inhibitor of Kv2.1, Kv2.2, and Kv4.2 (Escoubas et al., 2002) , but our results here suggest that Kv2.2 and Kv4.2 contribute only minimally to the voltage-dependent K ϩ current in NPY neurons (Figs. 5C, 6B) . Therefore, any effect of ScTx-1 on NPY neuronal firing can be attributed primarily to Kv2.1. As shown in Figure 8 , the addition of 300 nM ScTx-1 to acute brain slices from lean, well fed mice resulted in a significant increase in the spontaneous firing rate of NPY neurons, suggesting Kv2.1 plays a key role in setting the firing rate of these neurons. 
Discussion
In the ARH, AgRP/NPY neurons function as first-order, internal sensory neurons critical for the regulation of food intake and energy balance in mammals (Spanswick et al., 1997; Aponte et al., 2010; Atasoy et al., 2012) . The intrinsic firing rate of these neurons correlates highly with nutritional status ( Fig. 1 ; Takahashi and Cone, 2005; Yang et al., 2011) and is sensitive to peripheral signals of hunger and satiety, such as leptin and ghrelin (Elias et al., 1999; Cowley et al., 2003; Pinto et al., 2004; van den Top et al., 2004; Takahashi and Cone, 2005; . We report here that diet-induced obesity increased the firing rate of ARH NPY neurons from fed mice, consistent with a recent report from . Our data provide a plausible mechanism and a specific molecular target for this effect. Analysis of AP waveforms revealed significant acceleration of repolarization in NPY neurons from obese and food-deprived mice, compared with APs recorded from lean mice, indicative of change in the K ϩ currents. Indeed, we found a large, leptinsensitive delayed rectifier K ϩ current (I DR ) in these neurons, which is likely generated by Kv2.1 channels. In parallel with the development of leptin insensitivity in the ARH of obese mice, the leptin responsiveness of I DR was reduced in NPY neurons from DIO mice. Together, our results point to a critical role for somatic Kv2.1 channels in regulating the output of orexigenic AgRP/NPY neurons and thus regulation of energy balance as a whole.
At first glance, it is perplexing that activating a delayed rectifier channel such as Kv2.1 would result in a decrease in the neuronal firing rate. However, key to understanding its unique role in modulating AP frequency is the fact that Kv2.1 is atypical; compared with most other delayed rectifier-type Kv channels, Kv2.1 activates at fairly positive potentials and opens relatively slowly. The net effect of these two properties is that under steadystate conditions, it is unlikely that Kv2.1 opens much at all during a single AP. The threshold for Kv2.1 activation under these conditions is approximately Ϫ25 to Ϫ20 mV, whereas the voltagedependent Na ϩ (Na v ) current activates at around Ϫ40 mV. Thus, there is more than ample opportunity for sufficient Na v channels (which are responsible for initiation of the AP) to open and depolarize the membrane before the Kv2.1-dependent I DR can act to oppose firing. However, in NPY neurons, leptin shifts the activation of I DR /Kv2.1 such that the threshold for the current is now approximately Ϫ50 mV, so stronger depolarizing stimuli are required to reach the threshold for Na v channel activation. In addition, another unique property of Kv2.1 channels is that once open, the channels tend to remain open: Kv2.1 inactivates and deactivates quite slowly, and the resulting persistent K ϩ efflux acts as a shunt to decrease overall excitability.
The restricted localization of Kv2.1 also plays a part in the importance of the channel in regulating AP frequency. Most, if not all, electrical signals (including those initiating at postsynaptic sites in the dendrites) pass through the soma before integration at the axon initial segment, so the presence or absence of a large somatic K ϩ conductance can exert a profound influence on the ability of these incoming signals to trigger an AP. At steady state, when Kv2.1 tends to remain closed, the somatic resistance is relatively high, so a small change in somatic current (whether it be from incoming synaptic signals or some intrinsic excitatory stimulus) can result in a comparatively large change in membrane potential, thus readily generating an AP. On the other hand, when I DR /Kv2.1 is active (such as in the presence of leptin), the larger somatic K ϩ conductance decreases somatic resistance, effectively "shunting" small excitatory stimuli that might otherwise have produced a spike. Such a role for Kv2.1 channels is not surprising; it has been well established that Kv2.1 plays a critical role in shaping the AP and mediating activity-dependent changes in AP frequency (Du et al., 2000; Surmeier and Foehring, 2004; Jacobson et al., 2007; Mohapatra et al., 2009) .
Although there are multiple complex signaling pathways coupled to activation of LepRb, we were able to block the leptininduced hyperpolarizing shift in Kv2.1/I DR activation by inhibiting Src-family kinases, suggesting that Src plays a key role in coupling LepRb and Kv2.1. It has been previously demonstrated that Kv2.1 is phosphorylated by Src (Tiran et al., 2003 Song et al., 2012) , resulting in an increase in current density, with no effect on the voltage dependence of activation. In this study, we observed no change in the maximal K ϩ conductance, suggesting that LepRb-dependent activation of Src may act as an intermediate step in the modulation of Kv2.1, rather than directly phosphorylating the channel.
Regulation of neuronal excitability is extremely complex, and we acknowledge that Kv2.1 alone is unlikely to be entirely responsible for setting the firing rate of AgRP/NPY neurons. Our results cannot exclude the involvement of other ion channels, including other K ϩ channels, some of which have been reported to be sensitive to leptin or energy status (Spanswick et al., 1997; Roepke et al., 2011; Williams et al., 2011) . The change we observed in the RMP in fasted and DIO mice may more likely be caused by changes in K ATP channel activity rather than Kv channels. That said, the conditions used here (high-glucose, intracellular ATP) were identical between the experimental groups and would likely preclude any significant change in K ATP channel activity. Moreover, the addition of 4-AP, which does not efficiently block K ATP or other inward rectifier K ϩ channels, was sufficient to inhibit leptin-induced hyperpolarization of the RMP (Fig. 4) . Additionally, the whole-cell current-clamp recordings used slightly different conditions than the voltage-clamp recordings and were generally much shorter (Ͻ15 min vs Ͼ30 min), which may have influenced the activity of these channels.
Our AP waveform analysis also assumes that the dendritic and/or axonal projections are similar in both the lean and DIO mice: if the projections in the DIO mice are smaller/less extensive, this could decrease the capacitive load and shorten the AP. It is unlikely that such an effect would occur in the fasted mice (which had similar AP properties as the DIO mice), and the projections in DIO mice would have to be substantially shorter, since we likely only have adequate current clamp over the soma and proximal dendrites. Considering that we observe substantial synaptic input onto the NPY neurons from DIO mice (data not shown), we consider a dramatic remodeling of the dendritic tree to be unlikely.
ARH NPY neurons receive substantial excitatory and inhibitory input (Shanley et al., 2001; Pinto et al., 2004; Villanueva and Myers, 2008; Bouret et al., 2012) , which certainly plays a significant role in shaping the activity of these neurons. There have been elegant optogenetic (Aponte et al., 2010; Atasoy et al., 2012) and pharmacogenetic (Krashes et al., 2011 ) approaches developed to investigate both the importance of ARH NPY neurons themselves in feeding behaviors as well as to explore the downstream targets of these neurons. There is also intensive exploration of the afferent inputs to this neuronal population (Pinto et al., 2004; Vong et al., 2011; Yang et al., 2011; Liu et al., 2012) . However, the identity and origin of this input is still unknown, making it extremely difficult to target for therapeutic or experimental purposes. On the other hand, Kv2.1 represents a clearly defined molecular target for the potential development of therapeutic approaches for obesity that requires no specific knowledge about the synaptic inputs to ARH NPY neurons. Our results also raise the intriguing possibility that other contributors to intrinsic neuronal excitability (e.g., Na v channels, Ca v channels, HCN channels, etc.) may also represent possible targets for modulation by peripheral signals such as leptin and/or the animal's energy state, opening a significant new line of inquiry into the intrinsic function and modulation of these critical neurons that complements the current investigation of the synaptic regulation of these circuits.
